th birthday.
Terpenoids form the largest class of plant-derived specialized natural products, exceeding the alkaloids, cyanogenic glucosides and other secondary metabolites [1] . More than 36,000 different terpenoids are currently known [2] . These compounds have a wide range of functions in the plant kingdom. The volatile terpenoids are known to be involved in both direct defense (feeding-or oviposition deterrents and toxins) [3] , and indirect defense (attract predators of herbivores) [4, 5] . All terpenoids are based on the two C-5 units of isopentenyl pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP). Two different IPP pathways exist in plants; the mevalonate pathway located in the cytosol/endoplasmatic reticulum and the 2-C-methylerythritol-4-phosphate pathway, also called MEP, DXP or Rohmer pathway, located in the plastid [6, 7] . IPP and its isomer DMAPP are condensed by specific prenyltransferases (PTs) to the C-10 precursor geranyl pyrophosphate (GPP) for monoterpenes, the C-15 precursor farnesyl pyrophosphate (FPP) for sesquiterpenes, and the C-20 precursor geranylgeranyl pyrophosphate for diterpenes [8, 9, 10] . The various amounts of cyclic and acyclic plant terpenoids are formed by terpene synthases (TPS) through a divalent metal ion-assisted (Mg 2+ , Mn
2+
) generation of enzyme-bound allylic carbocation intermediates from the prenyl pyrophosphate precursors [3, 9, 11] . This ionization step is common among most of the terpene synthases. The amino acids (aa) that are likely to be involved in the ionization are usually conserved in terpene synthases, for example the DDxxD motif, and serve as an indicator of this enzyme class. The allylic carbocation formed in the ionization leads to cyclization reactions by internal double bonds, methyl migrations, hydride shifts, and WagnerMeerwein rearrangements before either deprotonation or nucleophile capture terminates the reaction. GPP, for example, undergoes an ionization and isomerization to enzyme-bound linalyl diphosphate (LPP) to permit subsequent cyclization. For gymnosperms, it has been proposed that the enantiomeric p-menthane type monoterpenes undergo a divergent, mirror image pathway in which enzymes that produce the (+)-series of products convert GPP to the (3R)-linalyl intermediate [14] . Enzymes that produce the (-)-series of products involve the (3S)-linalyl intermediate. After the LPP intermediate is formed, a second ionization and C1-C6 cyclization generates the corresponding α-terpinyl cation intermediate common to all cyclic monoterpenes. Alternatively, a deprotonation can occur that leads to the acyclic monoterpenes, such as myrcene. The biosynthetic pathways diverge after these initial steps to produce the various monoterpene products. (-)-Limonene is formed by a double bond formation from (3S)-linalyl to the (4S)-α-terpinyl cation intermediate with a subsequent deprotonation, whereas (+)-α-pinene is formed by a double bond rearrangement from a (3R)-linalyl intermediate to the (4R)-α-terpinyl cation intermediate with a subsequent Markovnikov addition (C2-C8 ring closure) to a pinyl cation, followed by a deprotonation [10, [12] [13] [14] .
Cannabis (hemp) and Humulus (hops) belong to a relatively small plant family, the Cannabaceae, in which Cannabis and Humulus are the only two genera. Cannabis has been used by mankind for 6000 years as a source of fiber and oil, and as a medicinal plant [15] . The use of Cannabis products today is a developing market. In addition to fiber and volatiles that may be of interest to the flavor and fragrance industry, tetrahydrocannabinol (THC) is used as a prescription treatment for nausea that can accompany chemotherapy [16] , as well as for spasms and tremors associated with multiple sclerosis [17] [18] [19] . As part of our ongoing study of C. sativa as both a medicinal and a flavor and fragrance plant, we report herein the purification and characterization of two trichomespecific monoterpene synthases from this plant. The major mono-and sesquiterpenoids, as well as the cannabinoids, have been profiled, all of which accumulate in the floral glandular trichomes. Although limonene and pinene synthases are common to many plant species, until now few have been characterized with respect to kinetic parameters [20] . The evolutionary relationship of the C. sativa terpene cyclase with respect to other plant families has also been demonstrated.
A trichome-specific cDNA library from C. sativa was analyzed using an expressed sequence tag (EST) approach. Two monoterpene synthases were found that might be involved in the scent and defense of the Cannabis plant [3] [4] [5] 42] . Due to the ecological importance of terpenoids in the plant kingdom, their uses as fragrances in perfumery, as flavoring agents in the food industry, and also in pharmaceutical applications, an attempt was made to characterize these enzymes.
Analysis of the full-length terpene cyclases showed CsTPS1 to be 2046 bp with an ORF of 1869 nt encoding 622 aa, and CsTPS2 to be 2016 bp with an ORF of 1848 nt encoding 615 aa. Sequence comparison placed CsTPS1and CsTPS2 within the Tpsb subgroup of monoterpene synthases. The lengths of the monoterpene synthase aa sequences and the calculated molecular weights were in the range of previously reported plant derived monoterpene synthases (50kDa-100kDa) [9] . Each CsTPS was predicted to have an N-terminal transit peptide for plastidial targeting (http://www.cbs.dtu.dk/services/ChloroP/). The putative N-terminal transit peptide bore the features of known terpene cyclases, such as a high serine and threonine and low acidic aa content within the first 50-60 aa. The monoterpene synthases contained the known tandem arginine motif [R 78 [20] .
CsTPS1 and CsTPS2, had a 77% aa identity (www.ncbi.nih.gov/; blastp) to each other and to both (-)-α-terpineol synthases of Vitis vinifera (54%, 52%, respectively) and to β-pinene synthase of Citrus limon and C. unshiu (51%). CsTPS2 had a 50% identity to γ-terpinene synthase of C. limon and C. unshiu. A dendrogram (Figure 1 ) was prepared with 37 aa sequences, including CsTPS1 and CsTPS2, from gymnosperm and angiosperm monoterpene, sesquiterpene, and diterpene synthases. ClustalW (www.ebi.ac.uk/clustalw/) in fasta format and GeneBee in the Clastw.phb format file (www.genebee.msu.su/services/phtree_full.html) were used. The conditions were: scale-random; algorithm-cluster and topological; matrix-blosum 62; with bootstrap values. Each CsTPS placed within the Tpsb subfamily of terpene synthases alongside other diverse monoterpenoid synthases from angiosperms [9] .
To determine the tissue-specific expression of each CsTPS, RNA was isolated from different parts of the female and male Cannabis plant (roots, stems, mature leaves, young leaves, female flowers, female flowers without trichomes, trichomes, mature male flowers, and young male flowers). The isolated trichomes were monitored for purity by light microscopy. The trichome-free flowers were obtained during trichome isolation after the bead beater procedure [21] . RNA gel blot analysis indicated a trichome-specific expression of each CsTPS ( Figure 2 ). GC-MS analysis of C. sativa cv. 'Skunk' trichomes was performed by collecting the contents of individual trichomes into a glass capillary under a stereo microscope. The major monoterpenes were limonene, α-pinene, β-pinene, trans-β-ocimene, myrcene and α-terpinolene, with the latter two being dominant ( Figure 3 ). The sesquiterpenes trans-β-caryophyllene, γ-elemene, α-guaiene, trans-β-farnesene, α-humulene, (E-E) α-farnesene, Δ-guaiene, selina-3,7(11)-diene, germacrene, guaiol, γ-eudesmol, α-eudesmol and 5-azulenemethanol were found (Figure 4) . The terpenophenolic compounds detected were Δ 9 -tetrahydrocannabinol and cannabigerol (data not shown). The identification of the terpenes in the plant extract was determined by comparison of the MS spectra with those of the Wiley and NIST library. To elucidate the catalytic function of the putative monoterpene synthases, CsTPS1 and CsTPS2 were amplified from cDNA prepared from trichomespecific RNA. The pET101/D-TOPO vector (Invitrogen) was used for expression in E. coli. Oligonucleotides with a partial vector sequence and a gene specific sequence were used to truncate the putative chloroplast transit sequence. Plastid transit sequences have been shown to be responsible for improper folding, formation of inclusion bodies and binding of chaperones to recombinant proteins in E. coli [9] . Since the transit sequence prediction was only an approximation, two different N-terminal starting points were used [25] . The recombinant proteins CsTPS1a and CsTPS1c were truncated after aa 60, and CsTPS1b and CsTPS1d after aa 76, immediately preceding the RR-motif. The recombinant proteins CsTPS2a and CsTPS2c were truncated after aa 55, CsTPS2b and CsTPS2d after aa 70, immediately before the RR-motif. The RR motif was not required for the catalysis, but lack of it led to a decrease in activity [26] . CsTPS1c, CsTPS1d, CsTPS2c, and CsTPS2d contained C-terminal hexahistidine extensions.
All recombinant CsTPSs were assayed in a crude lysate and the reaction mixtures were analyzed by HSPME (headspace solid-phase microextraction)-GC-MS. CsTPS1 produced limonene and minor amounts of α-pinene, β-pinene, β-myrcene and α-terpinolene ( Figure 5 ). CsTPS2 produced α-pinene, and minor amounts of β-pinene, β-myrcene and limonene ( Figure 5 ). The absolute configurations of the main products were determined by GC on a chiral column using authentic standards. The major component was (-)-limonene for CsTPS1 ( Figure 6A ) and (+)-α-pinene for CsTPS2 ( Figure 6B ). Identification of the absolute configuration of limonene and α-pinene produced by the enzymes CsTPS1 (A) and CsTPS2 (B), respectively. Gas chromatography performed on a chiral column with authentic standards, as described in the method section, allowed the separation and identification of the (+) and (-) enantiomers of limonene and α-pinene.
In order to further characterize the recombinant terpene synthases, CsTPS1c was purified by affinity chromatography with an ÄKTA-FPLCsystem to apparent electrophoretic homogeneity. After determination of the reaction linearity, 1.25 μg CsTPS1c per 500 μL was assayed. The pH optimum was measured between pH 4.0 and pH 8.5 in 0.5 pH steps with assay buffer containing sodium acetate, MES, Bis-Tris, and MOPSO. The pH optimum was determined at 6.5, with a half-maximal velocity at pH 5.7 and 7.4, and a predicted isoelectric point (DNAstar) of 6.7. The temperature optimum was dertermined in the assay buffer containing MOPSO, using a temperature range of 10°C to 60°C. The temperature optimum was determined at 40°C, with a half-maximal velocity at 14.5°C and 47.5°C. The K m was estimated at 6.8 + 2.6 μM, V max 1.1x10 -4 µmol/min and V max /K m 0.016. Due to limited protein quantities caused by low expression levels, CsTPS2c was enriched by affinity chromatography using a Talon resin. The pH optimum was measured between 5.5 and 8.5 in steps of 0.5, with assay buffer containing MES and MOPSO. The pH optimum was determined as 7.0, with a half-maximal velocity at pH 5.9 and 7.5, with a predicted isoelectric point (DNAstar) of 6.1. The temperature optimum was determined between 10°C and 50°C in the assay buffer. The optimum was determined at 30°C, with a halfmaximal velocity at 21°C and 42.5°C. The K m was determined as 10.5 + 3.4 µM, V max 2.2 x10 -4 µmol/min and V max /K m 0.021.
During the course of a trichome-specific, secondary metabolism C. sativa EST-project, putative terpenoid synthases were found. Due to the ecological importance of terpenoids in the plant kingdom, their uses as fragrances in perfumery, as flavoring agents in the food industry, and also in pharmaceutical applications, an attempt was made to characterize these enzymes. Two monoterpene synthases were found that might be involved in the scent and defense of the Cannabis plant [3] [4] [5] 42] . One monoterpene synthase was identified as a (-)-limonene synthase. (-)-Limonene is widely used by industry as a flavour and fragrance compound (turpentine, orange scent), whereas its enantiomer (+)-limonene is known to have antineoplastic activities [43] . The second monoterpene synthase found was a (+)-α-pinene synthase; (+)-α-pinene is known in plants as a defense compound against predators [3] . Herein, we have reported the first characterization of enzymes involved in terpenoid metabolism of C. sativa with respect to basic kinetic characteristics, tissue specificity and phylogenetic integration of these enzymes in the plant kingdom. It is shown that each CsTPS produces, in addition to a major monoterpene product, several minor products. CsTPS1 produced, besides limonene, minor amounts of α-pinene, β-pinene, β-myrcene and α-terpinolene. CsTPS2 produced α-pinene and minor amounts of β-pinene, β-myrcene and limonene, which are known products of other monoterpene synthases as well. Mentha piperita and M. spicata limonene synthases produced α-pinene, β-pinene and myrcene as minor products, and a (-)-α-terpineol synthase from Vitis vinifera produced, in total, fourteen different monoterpenes. The biosynthesis of multiple products by monoterpene synthases can be explained by the 
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A B formation of the minor products from carbocationic intermediates that are formed in the course of the conversion of GPP to the various monoterpenes [27, 28, 40] . The minor products could all have the same stereochemistry, as proposed for the gymnosperm mirror image pathway of monoterpene biosynthesis [14] or be enantiomeric mixtures, as shown for the angiosperm (-)-α-terpineol synthase from V. vinifera [40] . The kinetic parameters of previously characterized terpene synthases varied between the native form, full-length preprotein and truncated versions, as has been shown for a limonene synthase of Mentha spicata. The concentrations of divalent metal cations in the buffer can also affect the enzymatic activities, as shown with various monoterpenes synthases of Citrus limon [25, 26] . The kinetic parameters of limonene synthases varied between 0.7 μM and 32.4 μM [25] [26] [27] 29] . The pH was in the range of previously characterized monoterpene synthases from other angiosperm species such as Thymus vulgaris, Mentha piperita, Ricciocarpos natans, Citrus limon, and Mentha citrata [8, 26, 27, 29, 30] . The pH optima of gymnosperms, such as Pinus taeda, are generally around pH 7.5 [20] . The predicted isoelectric points are between 6.0-7.0, somewhat higher than those of known monoterpene synthases, which have mostly isoelectric points in the range of 4.0-6.0 [27, 38, 41] . Little has been done to characterize temperature optima of terpene synthases. Protein extracts of leaves of Picea abies and Quercus ilex demonstrated monoterpene production at 40°C, determined in a range of 10°C -60°C [31] . A temperature optimum of a pinene cyclase from Abies grandis has been reported at 42°C [32] . The temperature optimum of CsTPS1c was in the range of those previously reported, whereas the temperature optimum of CsTPS2c was determined to be at a lower temperature. The accumulation of terpenoids in the Cannabaceae is localized to the glandular trichomes. This tissue specificity was previously reported for angiosperms from other species, for example the glandular trichomes of Mentha x piperita [33] and Nicotiana tabacum [34] , the scent producing floral tissues of Clarkia breweri [35] and the flower anthers and leaves of Citrus unshiu [38] . For gymnosperms, such as Picea abies, a de novo formation of traumatic resin ducts in the wood and the specific production of terpenoids in these ducts was reported [3] . Within the tissue, the terpene synthase expression was organellespecific; the monoterpenoids and diterpenoids were produced in the plastids [36, 37] . This is similar to all other published monoterpene synthases that contain an N-terminal transit peptide. The nuclear-encoded monoterpene synthases are preproteins that are proteolytically processed into their mature form upon transport into the plastid. All terpene synthase transit peptides are rich in serine and threonine, low in acidic and basic aa, and they are about 45-70 aa long. Both of the characterized C. sativa terpene synthase N-terminal transit peptides are consistent with these characteristics, but show little aa sequence identity to other transit peptides [26] .
Previous studies of the phylogenetic origin and subgrouping of plant terpene synthases were based on a minimum identity of 40% along these groups; it was shown here that the terpene synthases were grouped into the Tpsb family of angiosperm monoterpene synthases. The dendrogram analysis in Figure 1 showed that abietadiene synthase (A. grandis) and a taxadiene synthase (T. brevifolia) grouped within the Tpsd family, contrary to other comparisons that placed them alongside other gymnosperm terpene synthases [9] . As shown previously, the clustering of both terpene synthases in the sequence analysis was according to their plant family and not with limonene and pinene synthases from other angiosperm species [26] . This clustering based on plant family has been reported for Citrus, Arabidopsis, Mentha, Artemisia and Salvia monoterpene synthases and has been described as an interesting parallel molecular evolution for these plants [38] . This evolution of the monoterpene synthases and clustering is stated to have occurred in ancient times. For example, four monoterpenes synthase lemon (Citrus) genes exist, whereas only two at a time cluster together [26] . Two cluster with monoterpene synthase genes of Artemisia and two with a monoterpene synthase of Quercus; it is supposed that divergence occurred before Quercus and Artemisia separated from Citrus. One can see that the identities of both lemon gene clusters with respect to their N-terminal target sequence and the gene coding sequence is relatively low. This tight clustering leads to very specific functional roles in different plants [26, 38, 39] . Further study should address the functional identification of any remaining C. sativa monoterpene synthases. Until now, only six different monoterpenes have been found in C. sativa and CsTPS1 and CsTPS2 are likely to produce five of these compounds. This leads to the speculation that at least one additional monoterpene synthase is present in the plant. The unravelling of monterpene biosynthesis will contribute to our understanding of the complex fragrance components produced by C. sativa [42] .
Experimental
Plant material and growth conditions: Cannabis sativa L. var. 'Skunk' plants were grown in a greenhouse and induced to flower in a growth chamber. Plants were grown in the greenhouse under a high pressure sodium lighting system (Philips, SON-T AGRO 400 W) with an 18 h light (20°C -24°C)/6 h dark (18°C-20°C) cycle and a relative humidity of 60%. Flower induction occurred in a growth chamber with a 12 h light (25°C)/12 h dark (23°C) cycle at 60% humidity.
RNA isolation and RNA gel blot analysis: Total RNA was isolated from different plant tissues (roots, stems, mature leaves, young leaves, female flowers, female flowers without trichomes, trichomes, mature male flowers, and young male flowers), according to standard protocols [22] . The trichomes were isolated as previously described [21] . An approximately 1.7 kb DNA fragment containing the coding region of the monoterpene synthase genes, derived from the cloned individual plasmids, was used as a hybridization probe in RNA gel blot analysis using the Mega Prime DNA Labelling System (Amersham).
EST sequencing: Purified mRNA isolated from C. sativa trichomes was reverse transcribed and used for construction of a directional cDNA library following the instructions for Clontech SMART cDNA synthesis and introduction into L TriplEx2 with an ABI Prism BigDye Terminator Cycle Sequencing Ready Reaction Kit (Applied Biosystems) with the T7 primer. Sequencing reactions were run after excess dye removal on the ABI Prism 310 Sequencer. After trimming for vector, the sequences were clustered and assembled using the SeqManII (DNASTAR Inc.) application using a minimum match size of 20 and a minimum match percentage of 85. . The PCR products were gel purified (Qiagen) and cloned into pET101/D-TOPO vector, and recombinant plasmids were transformed into E.coli TOP 10 cells (Invitrogen) [22] . Clones were resequenced [23] and positive plasmids were transformed for expression in E. coli BL21(DE3)RIL (Stratagene).
Expression and assay for terpene synthase activity:
Liquid cultures of bacteria were grown at 37°C to an OD 600 of 0.6. Isopropyl-1-thio-β-D-galactopyranoside (IPTG) was added to a final concentration of 1 mM, and the cells were incubated for 20 h at 18°C. The cells were harvested by centrifugation and disrupted by a 4 x 30 s treatment with a sonicator (Bandelin UW2070) in chilled extraction buffer (50 mM MOPSO, 5 mM MgCl 2 , 5 mM sodium ascorbate, 0.5 mM phenylmethylsulfonyl fluoride, 5 mM dithiothreitol (DTT), and 10% [v/v] glycerol at pH 7.0). The cell debris was removed by centrifugation at 14,000 x g, and the supernatant was desalted into assay buffer (10 mM MOPSO, 1 mM DTT, 20 mM MgCl 2 , 0.2 mM MnCl 2 , 0.2 mM NaWO 4 , 0.1 mM NaF, and 10% [v/v] glycerol at pH 7.0) by passage through an Econopac 10DG column (BioRad, Hercules, CA). The standard assay contained 200 μL of bacterial extract in assay buffer with a concentration of 10 μΜ GPP in a Teflon-sealed, 7 mL screw-capped glass test tube. A solid phase micro extraction fiber consisting of 100 μm Polydimethylsiloxan (SUPELCO, Bellefonte, PA) was placed into the headspace of the tube for 1 h incubation at 30°C followed by 15 min incubation at 40°C. The enantiomers of limonene and pinene were separated and identified by GC-MS using a heptakis (2,6-di-O-methyl-3-O-pentyl)-β-cyclodextrin column (30 m x 0.25 mm x 0.2 μm film, Macherey and Nagel, Düren, Germany) operated with He (1 mL min -1 ) as carrier, splitless injection (220°C, 2 μL volume), and a temperature program from 40°C (1 min hold) at 2.3°C min -1 to 160°C (10 min hold). All analyses were performed at least twice.
Purification of terpene synthases:
Bacterial strain E. coli BL21(DE3)RIL/CsTPS1 or BL21(DE3)RIL/ CsTPS2 was grown to A 600 = 0.6 at 37°C in 1 L LB medium supplemented with 100 µg/mL ampicillin and 50 µg/mL chloramphenicol. Cultures were then induced by addition of IPTG to a final concentration of 1 mM and grown for another 10 to 14 h at 28°C. Cells were harvested by centrifugation (10 000 x g, 10 min) and resuspended in lysis buffer (20 mL/L culture, 50 mM Tris/HCl pH 7.0, 500 mM NaCl, 10 mM imidazole, 10% glycerol, 10 mM β-mercaptoethanol, 75 µg/mL lysozyme) and incubated for 1 h on a platform shaker. After 3 x mild sonication (~45 sec., cooled between on ice) the crude lysate was filtered through synthetic filter floss placed in a syringe and centrifuged (12 000 x g, 25 min). The lysate was purified by column chromatography (ÄKTA-FPLC-system) using a HisTrap TM HP 5 mL column (Amersham), with a gradient between buffer A (50 mM Tris/HCl, pH 7.0, 500 mM NaCl, 10 mM imidazole, 10% glycerol, 10 mM β-mercaptoethanol) and buffer B (50 mM Tris/HCl, pH 7.0, 500 mM NaCl, 500 mM imidazole, 10% glycerol, 10 mM β-mercaptoethanol). The purification started with buffer A (flow rate: 5 mL/min for 3 min), followed by a gradient of 0%-100% buffer B (flow rate: 0.7 mL/min; 75 mL; ~ 107 min.), or using the Talon purification (BD Biosciences) according to the manufacturer's instructions, with buffer A (wash/binding buffer) and buffer B (elution buffer). The terpene synthasecontaining fractions were combined and desalted over a PD-10 column (Amersham) equilibrated with 5 column volumes of assay buffer (10 mM MOPSO pH 7.0, 1 mM DTT, 20 mM MgCl 2 , 10% [v/v] glycerol). Protein concentration was determined according to Bradford [24] .
Terpene synthase assay for characterization: The monoterpene synthase activity assay was performed in a final volume of 500 µL assay buffer containing 10 µM of GPP and 1-3 H-GPP (10-20 Ci/mmol, 5 pmol/assay, ARC), overlaid with 500 µL n-hexane to trap the volatile products, in silanized tubes (SigmaAldrich). After incubation for various times within the previously determined linear range, the mixture was mixed vigorously for ~ 10 sec. and centrifuged for 30 sec at 16,100 x g. The reaction was stopped on ice and 300 µL of the n-hexane phase was added to 4 mL Ultima gold MV scintillation cocktail and placed in a Beckman LS 6000 TA. At each time point, a boiled enzyme control was included to determine the background value of the assay.
